The biomechanical characteristics of porcine corneal stroma along the depth of cornea in different anatomical orientations were experimentally investigated and quantitatively analyzed. The porcine corneal stroma tested here was cut mechanically into the three layers along the thickness of the cornea for the first time. Based on the convenient uniaxial tensile extensometry, the Young's moduli of each stromal layer in different anatomical orientations were proved to be equal to each other. By virtue of testing the mechanical behaviors of the different layers, the Young's moduli of the stromal layers were found to decrease gradually from the anterior to posterior corneal surface. Thus, the stroma was proved to be mechanically transversely isotropic. Furthermore, based on the analysis of the experimental data, the change of stromal Young's modulus along the depth of the cornea was determined to be linear and equal to -2.79 ± 0.967 MPa/mm from the anterior to posterior corneal surface. Finally, the linear gradient characteristic of the stroma was appropriately explained by virtue of stromal microstructures.
Introduction
The biomechanical properties of the cornea play a key role in maintaining the normal physiological functions of the eye, and their changes are associated intimately with various kinds of corneal diseases in clinical diagnosis and treatment. Corneal biomechanical properties matter a lot in the process of obtaining the accurate measurement value of intraocular pressure, which is the only controllable variable to increase the possibility of detection and to slow down the progression of glaucoma (1, 2) . Corneal collagen cross-linking is widely used to treat the keratoconus and corneal ectasia after the laser in-situ keratomileusis, the main purpose of which is to increase the corneal mechanical rigidity (3) . In addition, the precise measurement of corneal biomechanical properties is also a vital factor in avoiding compliance mismatch in the operation of the keratoprosthesis, corneal onlay, and corneal inlay (4) .
Corneal mechanical behaviors, as well as structural integrity, stem intrinsically from the corneal stroma, which constitutes approximately 90% of the thickness of the whole cornea (5) . However, the mechanical properties of corneal stroma have not been understood very well yet. To date, there are no conclusive and consistent data on the magnitude of stromal biomechanical properties. For example, the values of stromal Young's modulus reported in the literature vary widely, ranging roughly from 0.01 to 10 MPa (6) (7) (8) . With the development of new therapy methods for corneal disease, more comprehensive insights into corneal mechanical properties, such as the biomechanical properties of stroma along the thickness of cornea, now become one of the focuses in ophthalmological research.
There have been many studies on the corneal mechanical properties through stromal thickness using different research methods so far (9-13). Kohlhass et al. cut the corneal stroma located in the upper 400 microns into two layers and tested their mechanical properties using uniaxial tensile extensometry (9). Winkler et al. and Dias and Ziebarth also cut the corneal stroma into two layers and examined their mechanical properties using Atomic Force Microscope (10, 11). Scarcelli et al. investigated the difference of Young's modulus between the anterior and posterior corneal stroma using a Brillouin microscope (12) . All these studies above found that there was a significant difference between the mechanical behaviors of the anterior and posterior corneal stroma, i.e. the anterior was stiffer (9) (10) (11) (12) and there was a gradient change of elasticity within the corneal stroma (11 pointed out that anterior stroma had a larger adhesion force than the posterior one (13) . Obviously, in the existing studies on the depth-dependent behaviors, all corneal stromal specimens tested were almost divided only into the two layers, the anterior and the posterior. However, to obtain the mechanical properties of the stroma along the thickness of the cornea, specially, such as gradient characteristics, it is not enough to only test and compare the mechanical behaviors of two stromal layers. The biomechanical behaviors of three or more stromal layers need to be examined. In addition, the variations of the mechanical behaviors of corneal stroma in different anatomical orientations throughout the thickness, which is important in practice, have not been understood very well yet so far.
In the existing experimental studies, porcine cornea was widely used as a substitute for scarce normal human donor cornea. It is because porcine cornea is, first, easily available; and second, numerous comparative investigations prove that the tensile strength and the short-term nonlinear stress-strain behaviors between porcine and human cornea are very similar, which results in porcine cornea becoming a good research model of human cornea (14, 15) .
In the present study, porcine corneal stroma was first cut into three layers along the thickness of the cornea, i.e. anterior, central, and posterior layers. Moreover, the biomechanical behaviors of the stroma in the three anatomical orientations, the vertical, horizontal, and diagonal, were systematically tested and quantitatively analyzed. The study here aims at: (i) examining the mechanical anisotropic characteristics of corneal stroma and (ii) determining the variation of the mechanical behaviors along the stromal depth in the three anatomical orientations. Thus, based on the experiments of the mechanical behaviors, the Young's moduli in all the orientations were found to be equal to each other in the same layer of stroma, i.e. the cornea was mechanically transversely isotropic. By testing the mechanical behaviors of the different layers, we obtained that the Young's modulus of the stroma gradually decreased from the anterior to posterior corneal surface. Further analysis proved that the elastic gradient of the stroma was linear in its thickness, and this gradient value was determined to be -2.79 ± 0.967 MPa/ mm from the anterior to the posterior. Finally, the mechanical behaviors of the stroma were appropriately explained by virtue of its microstructures.
Materials and methods

Materials
All test specimens were derived from the fresh eyes of the pigs aged from 4 to 6 months, from a local slaughterhouse within 3 h postmortem. Once the porcine eyes were delivered to the laboratory, the corneal epithelium was removed with a cotton-tipped applicator. Then the whole eyeballs without the corneal epithelium were submerged in 20% Dextran solution (20 g of Dextran in 100 mL of PBS; avg. molecular weight: 70,000 g/mol, Pharmacia, Piscataway, NJ), with the cornea side down, to reinstate the corneal thickness to the physiological level (16) . Note that these specimens were submerged in 20% Dextran solution for at most 4 h in a refrigerator at 4°C. After being stored for 2 h, they were taken out one by one and prepared for the experiments. The experiments were carried out in accordance with the guidelines issued by the Ethical Committee of Institute of Mechanics of the Chinese Academy of Sciences.
Two incisions were performed on the surface of each cornea 2 mm away from the corneal limbus with a diamond knife with a double footplate and an adjustable blade (KOI, San Diego, CA). The depths of the incisions were 300 and 600 microns, respectively. In the direction vertical to the incisions, the stroma was dissected separately into anterior, central, and posterior layers with a surgical knife (Crescent Knife, bevel up; Sharpoint, Reading, PA). Then a corneal button with a 3-4 mm scleral ring was removed from each eyeball using a pair of scissors. The iris, lens, and ciliary body were all removed, too. A corneal strip with 3 mm width was obtained from the central part of the cornea using a double-blade tool. The strips were anatomically orientated to be the superior-inferior (vertical), temporalnasal (horizontal), and 45°and 135°diagonal directions, respectively. It is easy to determine these directions owing to the distinct difference between the corneal vertical and horizontal diameters. However, with the side of the corneas unknown, diagonal specimens were taken from either the 45°or 135°direction according to the symmetry of the cornea (17) .
The length of the corneal strip specimens ranged from 16 to 20 mm, in which the gauge length was 10 mm. The thickness of each specimen was measured using an ultrasound pachymeter (PachPen, Accutome, Malvern, PA) and a micrometer (Mitutoyo, Tokyo). The mean value ± standard deviation (SD) of the whole corneal thickness was measured to be 979 ± 37 microns, and the mean values ± SDs of the specimen thickness of the anterior, central, and posterior layers were measured to be 313 ± 17, 324 ± 19, and 342 ± 30 microns, respectively.
Test methods
We employed conventional uniaxial tensile testing to investigate the mechanical properties of the corneal stroma. The total number of the specimen tested at each anatomical orientation (vertical, horizontal, and
The experiments were carried out on an Instron 5848 materials testing machine (Instron, Norwood, MA) equipped with a 5 N capacity load cell at room temperature (22°C). The specimens of the corneal stroma were attached to the mechanical clamps with 320-grit sandpaper to avoid slippage. An ultrasound moistener was used to keep the specimen moist. The output including specimen elongation in millimeter and the axial tension load in Newton were collected automatically by the computer. These values were recorded per 0.05 s for further analysis.
At the beginning of the experiments, the specimens were loaded and unloaded in the range from 0.01 to 0.1 of the original length under a constant velocity of loading (3 mm/min) for five cycles to be preconditioned for stabilizing their behaviors. Then, to reproduce the physiological stress state of the cornea, an initial axial load of 50 mN was applied before starting the monotonic stretching of the specimens. The specimens were then loaded up to failure under a constant velocity of stretching (1 mm/min) just 300 s after their recovery.
Data analysis
A uniaxial stress-strain curve of the corneal stroma is usually nonlinear and the true Young's modulus usually varies over a wide range. Therefore, here we used Fung's method (18) to obtain the Young's modulus of the stroma, which had been widely employed in the study of biomaterial mechanical properties (6) . A usual exponential stress-strain relationship
was employed to closely fit the experimental curves under small stress (σ < 0.1 MPa). Therefore, the values of the coefficients A, B, and C in Eq. (1) were determined. Differentiating the stress, σ, with respect to the strain, ε, determined the expression of Young's modulus:
Accordingly, the Young's modulus related to a stress value was obtained by Eq. (2).
Statistical analysis
A one-way ANOVA test was used to assess the anisotropy in the three anatomical directions and to analyze the difference among the behaviors of the anterior, central, and posterior layers. Analysis of all data was performed using the Statistical Package (SPSS, version 19.0, IBM Corporation), and all statistical tests were carried out with a significant level of risk set at α = 5%. All data are presented as the mean value ± SD.
Results and discussion
The different stromal layers derived from the same cornea were carried out in the tests elongating up to failure in the diagonal orientation. The stress-strain relationships of the three layers were all nonlinear, as shown in Fig. 1 . The maximum stresses of the anterior, central, and posterior layers were approximately measured to be 5.43, 2.72, and 2.02 MPa, respectively, and the maximum strain of all the specimens was less than Figure 1 . Uniaxial stress-strain curves that specimen is stretched up to failure. This graph showed the tensile behaviors of the different stroma layers taken from the same cornea.
0.30. Specifically, all the tensile stress-strain curves of the three layers could be roughly divided into three parts in the direction of the strain. When the strain was less than 0.1, the relationship of stress-strain was nonlinear, where the region where the strain was less than 0.02 was considered as the relaxed length of the specimen (18, 19) ; when the strain was between 0.1 and 0.2, the relationship of stress-strain approximated to be linear, the fitting degrees of linearity approximated 0.9997, 0.9982, and 0.9997 for the anterior, central, and posterior layers, respectively, and the Young's moduli of the three layers were computed to be 29.05, 17.66, and 11.99 MPa, respectively; and when the strain was greater than 0.2, the nonlinear relationship of stress-strain reappeared. The region where the strain is greater than 0.1, in fact, is outside of the range of corneal deformation in the normal physiological state of human.
We focused on the nonlinear mechanical behaviors of all stromal layers along the different anatomical orientations under the small strain of cornea (ε < 0.12). First, the mechanical behavior of each layer (the anterior, central, and posterior) in the three anatomical orientations was experimentally proved to be equal, as shown in Fig. 2 . In the anterior layer, the maximum error among the stresses of the three anatomical orientations under the same strain was measured to be less than 0.2 MPa; in the central layer, the maximum error was less than 0.1 MPa; and in the posterior layer, the maximum error decreased to less than 0.06 MPa. Correspondingly, the maximum error of all the Young's moduli of the three stromal layers was calculated to be less than 23%. In order to make the statistical analysis on the errors of Young's modulus, for example, the Young's modulus was calculated at different stromal layers in different anatomical orientations at the stress of 0.03MPa and 0.04MPa, respectively; the mean value and SD are listed in Table 1 . A one-way ANOVA test was used to compare the Young's modulus differences among the three anatomical orientations, and the results showed statistically insignificant differences (p > 0.05). This was an indication that the mechanical difference among the different anatomical orientations within the same stromal layers could be deemed to be very small, i.e. the mechanical behavior within each stromal layer in the different anatomical orientations was isotropic. In addition, the mechanical homogeneity of the corneal stroma increased from the anterior to posterior, as shown in Fig. 2 . Second, in each anatomical orientation, there were clear differences in the mechanical behaviors of the anterior, central, and posterior stromal layers, and all the Young's moduli of the stroma decrease gradually from the anterior to posterior corneal layers, as shown in Fig. 3 . It was implied that there was an elastic gradient of Young's modulus through the thickness direction of the corneal stroma.
In order to determine quantitatively the mechanical gradient characteristics of the cornea, without loss of generality, the change in Young's moduli at a series of stress values was investigated in detail. Based on Eqs. (1) and (2), we readily obtained the average Young's moduli at the average depth of each corneal stromal layer under the stresses ranging from 0.02 MPa to 0.09 MPa, for example, as listed in Table 1 at the stresses of 0.03 and 0.04 MPa, and then connected the average Young's moduli at each stress value by virtue of fitting a linear regression line, as shown in Fig. 4 . The degrees of fitting were computed to range from 0.9797 to 0.9994, which was of excellent linear fits. The results here proved that along the thickness of the corneal stroma, all the Young's moduli of the stroma displayed a linear gradient at each given stress. Furthermore, the average slope and SD of the lines was determined to be -2.79 ± 0.967 MPa/mm. This was an indication that all the lines of the Young's moduli varying with the thickness of the cornea could be considered to be parallel to one another. It was proved that the change in Young's modulus of the stroma along the corneal thickness was roughly consistent. Namely, the Young's modulus of the stroma linearly and continuously decreased from the anterior to posterior corneal surface. The average gradient of the Young's modulus in the depth direction of the cornea was -2.79 MPa/mm.
The mechanical behaviors of the corneal stroma stem intrinsically from the microstructure of the stroma (5, 20) . The microstructure of the stroma is made up of 200-400 superimposed lamellae of fine collagen fibrils regularly spaced and embedded within an extracellular matrix (21) . An X-ray diffraction study on the microstructure demonstrated that the collagen fiber structure had mainly circumferential orientation and showed no preferential orientation in any meridian direction (22) . Obviously, this microstructure just corresponded to the mechanical isotropy of the corneal stroma in the direction vertical to the thickness of the cornea. Some investigations indicated that there were regional differences in the collagen lamellar orientation throughout the thickness of the stroma (23, 24) . The collagen fibrils mostly array parallel to the anterior surface within the lamellae, but the interweaving of lamellae remarkably increases from the posterior toward the anterior surface (5, (24) (25) (26) . It can be explained from the microstructure of the corneal stroma that the increased lamella interweaving in the stroma forms the mechanical gradient of the stroma along the thickness of the cornea. In addition, from the viewpoint of physiological function, the anterior stromal layer with stiffer and isotropic biomechanical properties is helpful to maintain the same curvature of the anterior surface under the variation of intraocular pressure and hydration state of the cornea (27) .
Conclusions
The depth-dependent mechanical behaviors of the corneal stroma were experimentally investigated and quantitatively analyzed. The results in the present study display that (i) within each stromal layer perpendicular to the thickness direction of the cornea, the Young's moduli in the different anatomical orientations are equal; (ii) in the thickness direction of the cornea, the mechanical behaviors of the different layers are apparently different and gradually decrease from the anterior to the posterior. Thus, the cornea is mechanically transversely isotropic; and (iii) the Young's modulus of the stroma formed a linear gradient along the thickness of the cornea.
